Dollar spot, caused by Sclerotinia homoeocarpa F. T. Bennett, is the most prevalent and economically important turfgrass disease in North America (22, 23) . Highly maintained turfgrasses, such as creeping bentgrass (Agrostis stolonifera L.), the most widely used species for golf courses, and Kentucky bluegrass (Poa pratensis L.), the most popular home lawn grass, are susceptible to this disease. To meet the high expectation of aesthetic quality and playability, fungicide input is a requisite for managing dollar spot on manicured turfgrass, even though adequate nitrogen fertility programs and cultural practices designed to reduce leaf wetness may succeed in alleviating some of dollar spot pressure (4, 26) . Multiple applications of fungicides are usually required throughout the growing season due to the persistent nature of S. homoeocarpa.
Numerous fungicides labeled for dollar spot have been released over the past century (3, 23) . Many of these fungicides, particularly systemic fungicides, successfully controlled dollar spot when they were first released, but S. homoeocarpa has developed resistance to several classes of fungicides used for dollar spot control in the United States, including earlier heavy metal-based compounds (2, 18) , traditional contact fungicides (21) , and local or acropetal systemic fungicides such as dicarboximides (6) , benzimidazoles (6, 24, 25) , and demethylation inhibitors (DMIs) (8, 11) . More often than not, S. homoeocarpa exhibits crossresistance (i.e., resistance to more than one fungicide within the same chemical group) or multiple resistance (i.e., resistance to different fungicide classes) (23) . Jo et al. (13) recently reported that resistance to both benzimidazole fungicide thiophanatemethyl and DMI fungicide propiconazole is likely prevalent on golf courses in Ohio. Increasing levels of fungicide resistance, coupled with tightened environmental scrutiny of existing fungicides, has left fewer chemical options for controlling dollar spot.
A population must be the target of a control strategy to successfully manage a plant-pathogenic fungus because the fungal population evolves to survive in a given environment (19) . Turfgrass is a perennial system continuously influenced by various management practices, including irrigation, mowing, and the use of fungicides, insecticides, herbicides, and fertilizers. Such agricultural inputs will likely impose strong selection pressures on pathogen populations. Therefore, an understanding of genetic structure and dynamics of pathogen populations is critical for disease management on turfgrass.
Improving chemical and cultural management of dollar spot and delaying the inevitable occurrence of fungicide resistance will require gaining more knowledge about S. homoeocarpa populations. The current research first examined genetic diversity and resistance evolution of S. homoeocarpa field populations on turfgrass. More specifically, using DNA fingerprinting and vegetative compatibility assays, the population diversity and spatial distribution of S. homoeocarpa were examined on turfgrass. Subsequently, population dynamics of S. homoeocarpa after exposure to systemic fungicides, which are commonly used for dollar spot, were examined based on in vitro fungicide sensitivity.
the Joseph Troll Turf Research Center in South Deerfield, Massachusetts in 2006. Putting greens and fairways in both locations have a mixture of creeping bentgrass and annual bluegrass (Poa annua L.) and have been mowed at a height of 0.3 and 1.3 cm, respectively. The O. J. Noer field was infrequently sprayed with thiophanate-methyl and propiconazole for dollar spot. The Joseph Troll field has never been sprayed with either fungicide.
For the study of genetic diversity and vegetative compatibility of S. homoeocarpa field populations, one putting green site (15 × 15 m; WI-Green) and one fairway site (15 × 15 m; WI-Fairway) at the O. J. Noer field were selected in September 2005 for sampling (sampling 1). One hundred dollar spot infection centers were randomly selected from each site and one symptomatic leaf blade from each infection center was used for isolating fungal mycelium using the procedure described in Jo et al. (13) .
For examination of spatial distribution of the S. homoeocarpa population, the same putting green (WI-Green) and fairway (WIFairway) at the O. J. Noer field were selected for sampling (sampling 2) in June 2006. Samples of leaf blades infected with S. homoeocarpa were taken using a hierarchical sampling scheme (15, 19) to define the spatial scale that covered the dispersal distance of the fungus. A grid pattern was hierarchically drawn on each turfgrass site at four spatial scales: 15, 3.8, 0.9, and 0.2 m (Fig. 1) . Sample collections were made from dollar spot infection centers nearest to the intersections of each set of grid lines. In total, 100 samples per turfgrass site were collected in the hierarchical grid patterns: 25 samples 3. To determine the effect of repeated fungicide applications on S. homoeocarpa populations, field plots were established on the same putting green (WI-Green) and fairway (WI-Fairway) at the O. J. Noer field, and an additional fairway (MA-Fairway) at the Joseph Troll field in 2006. The plots were mowed with separate mowers and clippings were collected. The size of individual plots was 2.7 × 1.8 m with 0.9 m buffer zones between the plots. Plots treated with three systemic fungicides (thiophanate-methyl [3336 WP; Cleary Chemical Corporation, Dayton, NJ], propiconazole [Banner MAXX 1.3ME; Syngenta Professional Products, Greensboro, NC], and a confidential active ingredient with a different mode of action [CLEX, no registered name; Cleary Chemical Corporation]) and nontreated control plots were arranged in a randomized complete block design with four replicates. One symptomatic leaf blade was collected from each of 10 randomly selected dollar spot infection centers per plot before each fungicide application (sampling 3).
The spray volume was equivalent to 81. In vitro sensitivity to fungicides. S. homoeocarpa isolates were recovered from individual symptomatic leaf blades and were used for assaying in vitro sensitivity to thiophanate-methyl, propiconazole, and CLEX using the procedure previously described by Jo et al. (13) . Autoclaved potato dextrose agar (PDA; Becton, Dickson and Company, Sparks, MD) media were amended with the following single discriminatory concentrations of these fungicides previously determined by Jo et al. (13) and our preliminary test: 1,000 µg of active ingredient (a.i.)/ml of thiophanate-methyl; 0.1 µg a.i./ml of propiconazole; and 1,000 µg a.i./ml of CLEX. Thiophanate-methyl-or CLEX-amended PDA was poured into sterile 6-cm-diameter petri dishes, and propiconazole-amended PDA was poured into sterile 10-cm-diameter petri dishes.
To measure the inhibition of mycelial growth by fungicides, agar plugs (5 mm in diameter) were taken from the edge of actively growing 3-day-old colonies of each isolate and placed onto fungicide-amended PDA and nonamended PDA as the control. Then, the culture plates were incubated at 25°C for 30 h. We examined the growth of mycelium in a qualitative term of whether mycelium on thiophanate-methyl or CLEX-amended PDA grew or not. For propiconazole, two perpendicular diameters of the colonies were measured and averaged. The percentage of relative mycelial growth (RMG) on propiconazole-amended PDA compared with normal growth on nonamended PDA was determined and used as an indicator of sensitivity of the pathogen to propiconazole.
In vitro fungicide sensitivities of each isolate were measured at the single concentration of each of three fungicides. This test was conducted twice. In vitro sensitivity data for each fungicide was subjected to a separate analysis of variance.
Genetic diversity. The genetic diversity of S. homoeocarpa populations on the fairway and putting green at the O. J. Noer field in 2005 was analyzed using inter-simple sequence repeat (ISSR) markers (10, 27) . A total of 52 and 69 isolates were randomly selected as a representative of the populations on WIGreen and WI-Fairway (sampling 1). Each of these isolates was grown on PDA at 25°C for 7 days. Mycelium was harvested and placed in 600 µl of lysis buffer (100 mM Tris, pH 8.0; 50 mM EDTA; 500 mM NaCl; and 10 mM β-mercaptoethanol) in 2-ml plastic tubes containing small metal beads (4.5 mm in diameter). The tray of tubes was placed in a pulverizing machine (Biospec Products Inc., Bartlesville, OK) and rapid shaking of beads broke cells. DNA was extracted using the Dellaporta extraction method (5) .
Four ISSR primers, T(CT) 7 CRT, HBH(AG) 7 , VDV(CT) 7 , and DVD(TC) 7 , which were found to be most informative in a preliminary screening, were used. was performed twice for each isolate. Amplicons were separated on 1.5% agarose gels in Tris-borate-EDTA buffer and photographed after being stained with ethidium bromide. For estimating genetic similarity, the presence or absence of each amplicon was visually scored for each isolate, since ISSR are considered dominant markers. Genetic similarity (S) was calculated by the formula S = 2N xy /(N x + N y ), where N xy is the number of bands in common and N x and N y are the numbers of bands found in isolates x and y, respectively (17) . This genetic distance data was then used to create a multidimensional scaling (MDS) plot using PROC MDS in SAS package (SAS Institute Inc., Cary, NC). In addition, analysis of molecular variance (AMOVA) was conducted to determine the genetic diversity between different genetic subgroups. Gene diversity (H) within each genetic subgroup was estimated by the following formula:
where n is the number of gene copies in the sample, k is the number of haplotypes, and P i is the sample frequency of the ith haplotype (20) . AMOVA and gene diversity (H) analyses were implemented using Arlequin version 3.1 software (Computational and Molecular Population Genetics Lab, Bern, Switzerland).
Vegetative compatibility. Fifteen representative S. homoeocarpa isolates having a different range of in vitro fungicide sensitivities, which were collected from the fairway and putting green at the O. J. Noer field in 2005 (sampling 1), were selected for the vegetative compatibility assay. Nitrate nonutilizing (nit) mutants were recovered from each isolate according to the procedure described by Jo et al. (12) .
Vegetative compatibility was determined based on complementary heterokaryon formation in pairings between two nit mutants derived from the 15 S. homoeocarpa isolates. Agar plugs (5 mm in diameter) were cut from the edge of each nit mutant colony growing on Czapek solution agar (CDA; Becton, Dickson, and Company, Sparks, MD) and paired 4 cm apart in a 9-cm-diameter plate of CDA with all possible combination between available nit mutants. The plates were incubated at 23°C for 14 days. A complementary reaction was evident by the development of dense aerial growth of prototrophic mycelial where paired mutants contacted each other. This experiment was conducted twice.
RESULTS

Subgroups.
Nineteen polymorphic bands generated from four ISSR primers were used to examine genetic diversity of 121 S. homoeocarpa isolates (52 isolates from WI-Green and 69 from WI-Fairway) from populations (sampling 1) at the O. J. Noer field in 2005. These isolates were separated into two genetically distinct groups, designated as subgroups α and β (Fig. 2) . These two subgroups were present on both WI-Green and WI-Fairway but existed in different frequencies, subgroups α:β = 14.5:85.5% on WI-Green and 56.5:43.5% on WI-Fairway. AMOVA between the two subgroups indicated significant difference in genetic variation (F = 0.78; P < 0.0001). The mean genetic variation (H) was greater in subgroup α (H = 0.27 ± 0.14) than subgroup β (H = 0.05 ± 0.11).
The two genetic subgroups showed different sensitivities to thiophanate-methyl and propiconazole (Fig. 2) . Isolates in subgroup α from both WI-Green and WI-Fairway were completely resistant to thiophanate-methyl and highly resistant to propiconazole (RMG = 45.7 ± 11.5%). In contrast, most isolates (83%) in subgroup β were sensitive to both thiophanate-methyl and propiconazole (RMG = 11.9 ± 7.0%). Some isolates (17%) in subgroup β collected from WI-Fairway were resistant to thiophanate-methyl but still sensitive to propiconazole (RMG = 10.8 ± 8.5%). All isolates in both subgroups were sensitive to CLEX.
Three types of nit mutants (nit1, nit3, and NitM) were obtained from 15 S. homoeocarpa isolates. With the confirmation of complementary heterokaryon formation between nit mutants, these 15 isolates were separated into two vegetative compatibility groups, which corresponded to subgroups α and β (Table 1) . Complementary heterokaryons formed only between different mutant phenotypes derived from the same subgroup. Particularly strong complementary reactions were observed between nit1 and NitM as previously described (12) . Spatial distribution of S. homoeocarpa. In vitro fungicide sensitivity assay was conducted using S. homoeocarpa isolates hierarchically sampled from WI-Fairway and WI-Green sites in 2006 (sampling 2). Spatial distribution of S. homoeocarpa was uniform within the same turfgrass site. Consequently, mean sensitivity values to thiophanate-methyl and propiconazole were distributed evenly within each site (Table 2) . For example on WIGreen, the frequency of thiophanate-methyl-resistant isolates consistently remained at 50 to 69% and the propiconazole sensitivity (32 to 38% of RMG) did not significantly change in the sample sets hierarchically taken at 15 × 15 m, 3.8 × 3.8 m, and 0.9 × 0.9 m grid sizes (P > 0.05) ( Table 2) .
However, frequency of sensitive and resistant isolates was significantly different among the populations on WI-Fairway and WI-Green. Thiophanate-methyl-resistant isolates accounted for 86% of the population on WI-Fairway and 61% on WI-Green. Mean RMG indicative of propiconazole resistance was significantly higher for the populations from WI-Green (RMG = 37.8 ± 13.9) than that from WI-Fairway (RMG = 20.4 ± 15.7) (P < 0.05).
Population dynamics in response to repeated applications of fungicides. Applications of propiconazole and CLEX significantly reduced dollar spot severity on WI-Green (Fig. 3A) , WIFairway (Fig. 3B) , and MA-Fairway (Fig. 3C) . The thiophanatemethyl treatment significantly reduced dollar spot severity on MA-Fairway but not on WI-Green or WI-Fairway. In vitro fungicide sensitivities of the populations on WI-Green, WI-Fairway, and MA-Fairway in 2006 (sampling 3) changed differently, depending on types of treated fungicides and turfgrass sites.
On WI-Green, four repeated applications of thiophanate-methyl or propiconazole and three repeated applications of CLEX significantly increased the frequency of isolates resistant to thiophanatemethyl (Fig. 3D) and/or isolates resistant to propiconazole (Fig.  3G ) in the population (P < 0.05) compared with the nontreated control plot. On WI-Fairway, three repeated applications of thiophanate-methyl or propiconazole and two repeated applications of CLEX increased the frequency of thiophanate-methyl-resistant isolates to almost 100% in the population (Fig. 3E) . Propiconazole applications significantly shifted the population toward propiconazole resistance at the end of the season compared with the nontreated control plot (P < 0.05). However, applications of thiophanate-methyl or CLEX did not influence propiconazole sensitivity of the population (Fig. 3H) . On MA-Fairway, two repeated applications of thiophanate-methyl dramatically increased the frequency of thiophanate-methyl-resistant isolates from 0% at the initial sample set to 100% at the last sample set (Fig. 3F) . However, applications of any of the three fungicides did not change propiconazole sensitivity of the population on MAFairway (Fig. 3I) .
DISCUSSION
Genetic diversity and fungicide resistance evolution of S. homoeocarpa field populations were examined for the first time based on in vitro fungicide sensitivity, DNA fingerprinting, and vegetative compatibility. The S. homoeocarpa population on a turfgrass research field in Wisconsin consisted of two subgroups, which were genetically different, vegetatively incompatible, and x Percentage of resistant isolates to thiophanate-methyl (TM). y Mean and standard deviation of percent relative mycelial growth (RMG) on growth media amended with propiconazole (PP; 0.1 µg/ml) compared with mycelial growth on unamended media. Same letters within a column indicate no significant difference using Fisher's protected least significance difference at P = 0.05. z Percentage of isolates grouped into subgroup α, which was determined by reduced sensitivity to propiconazole (RMG >30%). had different fungicide sensitivities. These subgroups were significantly different in frequency between the putting green and fairway which were managed differently but were uniformly distributed within the same turfgrass site. The S. homoeocarpa populations changed rapidly toward fungicide resistance after repeated applications of systemic fungicides. The current comprehensive investigation about population dynamics of S. homoeocarpa provides the vital information for future improvement of chemical and cultural management strategies for dollar spot with a minimal risk of resistance development. Two genetic subgroups based on ISSR markers were detected in the S. homoeocarpa population at the O. J. Noer field. Interestingly, each subgroup was linked with different phenotypes such as fungicide sensitivity and vegetative compatibility. Particularly, in vitro sensitivities to propiconazole were very different between these two subgroups ( Table 2) . Isolates in subgroup α were more resistant to propiconazole (RMG > 30%) than those in subgroup β (RMG < 30%). Furthermore, these two subgroups were vegetatively incompatible with each other, indicating two clonal lineages originating from different progenitors. Isolates within the same subgroup produced stable hyphal anastomoses, ensuring potential genetic exchange and diversity buildup. In contrast, isolates between different subgroups acted to restrict the formation of heterokaryons so that they might compete with each other.
With no previous information about the population structure, the hierarchical sampling scheme employed in this study revealed new information on a spatial distribution of S. homoeocarpa field populations on turfgrass (Table 2) . S. homoeocarpa scattered in small, noncontiguous spots that were spatially disconnected from their points of origin and were uniformly mixed on turfgrass treated with the same management practices including mowing, irrigation, and chemical input. Similar patterns of spatial distribution have been reported from other plant-pathogenic fungi in agrosystems including S. sclerotiorum in canola (1, 15) and Fusarium oxysporum in cultivated soils (9) . Although S. homoeocarpa does not disseminate via either sexual or asexual spores, cultural practices employed on turfgrass, most likely frequent mowing by the same mower, may play a significant role in a uniform dispersal of S. homoeocarpa on turfgrass. Therefore, sampling of S. homoeocarpa at relatively small spatial scales (the minimum plot size of 0.9 × 0.9 m) seems to be enough to represent the individual local population, which is valuable information for future sampling of S. homoeocarpa in various fields.
The S. homoeocarpa population structure was significantly different on turfgrass sites managed differently, suggesting that unique management practices employed on different turfgrass sites greatly affect fungal populations. Mowing (frequency and height) and chemical input (fertilizer, herbicide, insecticide, and Fig. 3 . Time-course changes of dollar spot severity and fungicide sensitivity on the plots treated with thiophanate-methyl (TM), propiconazole (PP) or CLEX, and nontreated control plots. A, B, and C, The plots were established in 2006 on the green (WI-Green) and fairway (WI-Fairway) in Verona, WI and the fairway (MAFairway) in South Deerfield, MA, respectively. Black arrows indicate application dates of three fungicides and white arrows indicate application dates of thiophanate-methyl and propiconazole only. D, E, and F, Thiophanate-methyl resistance is presented as the percentage of resistant isolates in the total isolates tested at these three locations. The thiophanate-methyl-resistant isolates grow on potato dextrose agar (PDA) amended with thiophanate-methyl (1,000 µg/ml). G, H, and I, Propiconazole sensitivity is presented by mean relative mycelial growth (%RMG) of Sclerotinia homoeocarpa isolates collected from each plot at the three locations. Asterisks indicate that the value on the plot is significantly different compared with the nontreated control plots at the end of the season using Fisher's protected least significance difference at P = 0.05. fungicide) are more intensive on the putting green than the fairway and rough on golf courses. Disease progression of S. homoeocarpa is often different between the fairway and adjacent putting green. The current study showed that dollar spot progressed relatively later and severer on the fairway (Fig. 3A , WIFairway) than the putting green (Fig. 3B , WI-Green) at the O. J. Noer field in 2006. In another survey study of S. homoeocarpa fungicide resistance on six golf courses in Wisconsin and one golf course in Massachusetts, in vitro sensitivities for thiophanatemethyl and propiconazole were significantly different among the fairway, putting green, and rough within the same golf course (14) . However, direct evidence of how specific factors of management practices can affect fungicide sensitivity of S. homoeocarpa populations has not been examined experimentally and remains in need of further research.
Based on dynamics of different individual S. homoeocarpa populations in response to systemic fungicides, evolution of populations toward multiple resistance to benzimidazole (thiophanate-methyl) and DMI (propiconazole) fungicides in turfgrass agrosystems can be envisioned. The initial population on MAFairway where no fungicide has been used before may represent a wild-type population. All S. homoeocarpa isolates sampled at the beginning of the field study were sensitive to both thiophanatemethyl and propiconazole (Time 0, Fig. 4C ). After two applications of thiophanate-methyl, isolates resistant to thiophanatemethyl were rapidly selected up to 100% in frequency and became dominant in the population at the end of the growing season. In contrast, propiconazole applications did not affect propiconazole sensitivity of the population. Consequently, isolates resistant or sensitive to thiophanate-methyl coexisted in the population but both types were still highly sensitive to propiconazole (Fig. 4C, PP) . This observation indicates that benzimidazole resistance can be selected more quickly and earlier in a wild-type S. homoeocarpa field population than DMI resistance.
The S. homoeocarpa populations consisting of subgroups α and β in the O. J. Noer field may represent populations which had already developed fungicide resistance after previous exposure to fungicides. In the aspect of coexistence of resistant and sensitive isolates to thiophanate-methyl and still remaining of high sensitivity to propiconazole, subgroup β found on WI-Fairway (Fig.  2D) is similar to the new population on MA-Fairway at the end of the growing season in 2006. Subgroup α found on WI-Green and WI-Fairway would be further evolved toward fungicide resistance because of highly reduced sensitivity to both thiophanate-methyl and propiconazole. It is hypothesized that thiophanate-methyl resistance was first selected and subsequently propiconazole resistance developed in subgroup α. This hypothesis is also in agreement with Fisher's fundamental theorem saying that the evolutionary potential of a population is proportional to the amount of genetic diversity in a population (7) . Subgroup α contains greater genetic variation than those in subgroup β, indicating a greater chance for the accumulation of mutations in subgroup α conferring fungicide resistance. Our following-up genetic study on the population of MA-Fairway may elucidate this hypothesis.
Questions of how mutation accumulates for DMI resistance in the population or how long it takes are beyond the scope of this study. However, the current investigation demonstrated that development of DMI resistance is more gradual and takes longer than benzimidazole resistance. This result makes sense since resistance to DMIs is known to be quantitatively controlled and requires multiple mutations, while single point mutations at the β-tubulin gene cause complete resistance to benzimidazole (16) . On MA-Fairway during one growing season, two applications of propiconazole did not change the propiconazole sensitivity of the population (Fig. 4C, PP) , while two repeated applications of thiophanate-methyl rapidly selected isolates that are completely resistant to thiophanate-methyl (Fig. 4C, TM) . Isolates collected from WI-Fairway (Fig. 4B, PP) had a wide range of propiconazole resistance, indicating the resistance is controlled by multiple genes. Propiconazole resistance of the population gradually increased as highly resistant isolates became selected by repeated applications of propiconazole.
Population dynamics and fungicide efficacy in the field seem to be directly dependent on types of fungicides applied and the initial S. homoeocarpa population before fungicide application. This provides inference for the successful use of fungicides for dollar spot control. Since rapid development of resistance to thiophanate-methyl is possible despite few resistant isolates present in the initial population (Fig. 4C, TM) , repeated applications of thiophanate-methyl for dollar spot control should be avoided at any case. In the case of propiconazole, complete failure of the fungicide may not occur because the fungicide still can reduce dollar spot caused by resistant isolates. However, efficacy of propiconazole for dollar spot control may significantly diminish as highly resistant isolates are selected in the population, shown in propiconazole-treated plots on WI-Fairway (Fig. 4B, PP) . Therefore, repeated applications of propiconazole also should be avoided if isolates with high resistance to propiconazole are already found in the initial population.
As an alternative to the repeated application with a single chemical, a rotation of thiophanate-methyl and propiconazole may be more effective unless isolates with multiple resistance to both fungicides, like subgroup α, exist in the population. CLEX, a new fungicide chemistry, worked well for reducing dollar spot caused by resistant isolates to thiophanate-methyl and propiconazole as shown in CLEX-treated plots on WI-Green (Fig. 3A) and WI-Fairway (Fig. 3B) . However, it may still select isolates resistant to thiophanate-methyl and/or propiconazole in the population as shown on WI-Green (Fig. 4A, CLEX) and WI-Fairway (Fig.  4B, CLEX) for unknown reasons.
The current study shows that S. homoeocarpa populations on turfgrass shift fast toward resistance to systemic fungicides, which may explain prevalent distribution of fungicide resistant S. homoeocarpa on golf courses in Ohio (13) and Wisconsin (14) . This result also indicates that the S. homoeocarpa field populations continuously change and adapt to varying environmental conditions. Further long-term research about the effects of fungicides and cultural practices on the S. homoeocarpa population will increase knowledge about the population dynamics of phytopathogenic fungi on turfgrass.
